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Edited by Ulf-Ingo Flu¨ggeAbstract The precursor protein receptor at the chloroplast out-
er membrane atToc33 is a GTPase, which can be inactivated by
phosphorylation in vitro, being arrested in the GDP loaded state.
To assess the physiological function of phosphorylation, attoc33
knock out mutants were complemented with a mutated construct
mimicking the constitutively phosphorylated state. Our data sug-
gest that the reduced functionality of the mutant protein can be
compensated by its upregulation. Chloroplast biogenesis and
photosynthetic activity are impaired in the mutants during the
early developmental stage, which is consistent with the require-
ment of atToc33 in young photosynthetic tissues.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
Keywords: atToc33; Phosphorylation of GTPase; Chloroplast
protein import; ppi11. Introduction
Translocation of chloroplast precursor proteins across chlo-
roplast envelopes is facilitated by two complexes, Toc and Tic.
Toc core translocon consists of the pore forming Toc75 and
two GTPases Toc34 and Toc159 [1] acting as receptors [2].
In Arabidopsis thaliana, two Toc34 homologs exist, namely at-
Toc33 and atToc34. The expression of corresponding genes is
strong in young expanding tissues and is gradually down-reg-
ulated in the course of development [3,4]. Whereas atToc33 is
predominantly found in photosynthetic tissues [4–6], atToc34
is thought to be the dominant isoform in roots [7]. Consis-
tently, atToc33 is required for import of proteins involved in
photosynthesis [5] and atToc34 recognizes plastid housekeep-
ing proteins [8]. The atToc33 knock out mutant (ppi1) exhibitsAbbreviations: PAM, pulse amplitude measurement; pSSU, small
subunit of RubisCO; Toc/Tic, translocon at the outer/inner chloroplast
envelope membrane; BN-PAGE, blue native-polyacrylamide gel elec-
trophoresis
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type becomes less severe in the course of development [3],
underlining the role of atToc33 in early growth stages.
Beside regulation on the transcriptional level, atToc33 can
be phosphorylated on serine181, thereby being arrested in
the inactive, GDP loaded state in vitro [8]. To asses the phys-
iological signiﬁcance of atToc33 phosphorylation in vivo,
Aronsson and colleagues [9] performed complementation stud-
ies in ppi1 background using atToc33 constructs with mutated
phosphorylation site. Thereby, serine181 was substituted with
glutamate to mimic phosphorylation or non-phosphorylatable
alanine. The complemented plants did not show any signiﬁcant
diﬀerence to the wild type regarding growth, chlorophyll con-
tent, chloroplast structure, in vitro import or light stress toler-
ance after 10 days. Here, we demonstrate that the same lines
exhibit a reduced photosynthetic activity in heterotrophically
grown 5 days old plants, reaching wild type levels within the
subsequent days. This behaviour correlates with the diﬀerenti-
ation of grana thylakoids and assembly of LHC-PSII super-
complexes. The abundance of atToc33 as well as atToc159
and atToc75-III in the transgenic plants is increased, which
might additionally mask the reduced atToc33S/E functionality.2. Materials and methods
2.1. Protein production and GTPase assays
Mutants of atToc33 (aa 1–251) were generated by conventional PCR
and cloned into pET21d (Novagen, Madison, WI) to generate at-
Toc331–251-His and atToc33S/E1–251-His [8]. Proteins were puriﬁed
and GTP binding and hydrolysis as well as resonance mirror technique
based binding assays were performed as described [8,10].
2.2. Plant growth, RNA isolation, RT-PCR and analysis of protein
content
Seed for the ppi1 complementation lines was kindly provided by P.
Jarvis and H. Aronsson. Generation of S181 constructs and comple-
mentation strategy was described in Ref. [9] and the complementation
of ppi1 mutants with the atTOC33-WT construct was reported in Ref.
[3]. In all constructs the native promoter of atTOC33 was used. Plants
were grown either on soil or on MS medium +/ sucrose, as indicated
in the results section, in an E-36L growth chamber (Percival Sci., Per-
ry, IA) at 16 h light, 21 C/8 h dark, 16 C, 70% RH. Total RNA from
100 mg leaf tissue was isolated using the Plant RNeasy-Kit (QIAGEN,
Hilden, G.). RNA (1.2 lg) was reverse transcribed using MMLV Re-
verse Transcriptase (Promega, Madison, WI). For quantiﬁcation,
cDNA corresponding to 60 ng total RNA was used in a 50 ll
PCR reaction. After 30 and 35 cycles, respectively, 10 ll samples wereblished by Elsevier B.V. All rights reserved.
Fig. 1. Biochemical analysis of atToc33 atToc33S/E. (A) Puriﬁed
atToc331–251-His (33) or atToc33S/E1–251-His (S/E) were subjected to
SDS–PAGE and stained with Coomassie Blue (CB, lanes 1, 2) or
immunodecorated with Toc33 antibodies (lanes 3 and 4). (B) Time
dependence of multiple turnover GTP hydrolysis by atToc331–251-His
(black dot, wt, solid line) and atToc33S/E1–251-His (open triangle, S/E,
dashed line). (C) The GTP binding capacity of 100 ng atToc331–251-His
or atToc33S/E1–251-His was determined.
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Total protein extracts were obtained by grinding leaf material in liquid
nitrogen and solubilization in homogenization buﬀer (50 mM Tris, pH
7.6, 100 mM NaCl, 0.5% (w/v) SDS, 1· protease inhibitor cocktail
complete (Roche, Mannheim, G.)) The homogenates were centrifuged
for 15 min at 25000 · g and the supernatant was subjected to SDS–
PAGE and Western blotting. For microarray analysis, total RNA
was isolated from 5 days old seedlings grown on MS medium supple-
mented with 1% sucrose and processed as described [6].
2.3. Pulse amplitude measurements
Plants were grown on MS medium +/1% sucrose, as indicated in
Section 3. Each plate contained one plant of all four genotypes to en-
sure same growth conditions. Chlorophyll ﬂuorescence in vivo was
determined using a Maxi-Imaging-PAM chlorophyll ﬂuorimeter
(Heinz Walz GmbH, Eﬀeltrich, Germany). Intensity of actinic light
was 185 lmol/m2s. Pulses were 5 s long in intervals of 20 s. Eﬀective
PSII quantum yield (UII) and quantum yield of regulated energy dis-
sipation (Y(NPQ)) were calculated according to [12,13] by the software
supplied with the instrument.
2.4. Electron microscopy
One millimeter pieces of leaves or whole cotyledons were ﬁxed over-
night at 4 C in 4% glutaraldehyde, 50 mM cacodylate (pH 7.4). Sam-
ples were contrasted by incubation in 2% OsO4 overnight at 4 C.
Upon dehydration in a graded acetone series (30–100%) samples were
embedded in Glycid ether 100 (SERVA, Heidelberg, Germany) follow-
ing the manufacturers recommendations for medium hardness. Ultra-
thin sections were cut and processed by a Philipps EM 301 electron
microscope.
2.5. Analysis of complex assembly
Thylakoid membranes of plants grown for indicated time period
were isolated [14] and protein complexes analyzed by blue native-poly-
acrylamide gel electrophoresis (BN-PAGE) [15]. Gels were loaded on
chlorophyll basis. After BN-PAGE, the lanes were cut out and incu-
bated in sample buﬀer containing 2% (w/v) SDS, 66 mM Na2CO3,
0.67% b-mercaptoethanol for 30 min at RT, followed by separation
of protein subunits by SDS–PAGE (12.5% polyacrylamide and 6 M
urea) and visualization by colloidal Coomassie staining or autoradio-
graphy. Seedlings were pre-illuminated at 25 C under PFD of
600 lmol/m2s for 4 h. For pulse labelling, primary leaves from 200
mutant and wild type plants leaves were separated from stems and
incubated for 40 min in an 1:10 mixture of 35S-methionine (speciﬁc
activity >1000 Ci/mmol; GE-Healthcare) in water. Labelling was per-
formed at RT under PFD of 30 lmol/m2 s. Leaves were washed with
0.4% Tween 20 and thylakoid membranes were isolated.3. Results and discussion
3.1. Reduced activity of atToc33S/E might be compensated by its
upregulation
Soluble GTPase domains of atToc33 and atToc33S/E were
expressed and puriﬁed, yielding essentially pure protein
(Fig. 1A). First, the biochemical properties of atToc33S/E1–251-
His were analyzed to conﬁrm that the mutant behaves
similarly to the phosphorylated protein. The multiple turnover
GTP hydrolysis rate by atToc33S/E1–251-His was reduced by an
order of magnitude in comparison to atToc33S/E1–251-His
(Fig. 1B). Furthermore, GTP binding capacity of at-
Toc33S/E1–251-His is reduced by 85% compared to WT
(Fig. 1C). Next, the interaction between the precursor of the
small subunit of RubisCO (pSSU) and atToc331–251-His or
atToc33S/E1–251-His proteins was determined by resonance
mirror technique, e.g. [8,16]. The receptor proteins had been
converted to the GTP state by nucleotide exchange with
GMP-PNP, a non-hydrolysable analogue of GTP. The ob-
served dissociation constant for the association between pSSUand the GMP-PNP loaded atToc331–251-His of about 30 nM is
comparable to the one determined for the psToc34–pSSU
interaction by the used technique [16]. The dissociation con-
stant for atToc33S/E1–251-His-GMP-PNP was increased to
550 nM (data not shown), demonstrating a reduced aﬃnity
for precursor proteins. The phospho-mimicry mutant therefore
resembles the phosphorylated form but is not completely inac-
tivated. This must be considered when interpreting in vivo data
obtained previously [9] and described below.
Furthermore in 14 days old plants grown on soil, transcript
level of all three Toc components is elevated in all transfor-
mants, as exemplarily shown for the line S/E-2 by semiquanti-
tative RT-PCR (Fig. 2A). Quantitative RT-PCR revealed that
the atTOC33 transcript is about 20-fold enriched in compari-
son to wild type plants when normalized to ACTIN level
(Fig. 2B). In heterotrophically grown 5 days old plants the
transcript level of atTOC33 is also enhanced (Fig. 2C),
although the diﬀerence to the WT is reduced to 3- or 5-fold,
respectively. The alteration of the ratio could be explained
either by the diﬀerent growth stage or heterotrophic growth
conditions or both. Nevertheless, the atTOC159 and at-
TOC75-III transcription is also elevated under the same condi-
tions, suggesting that the eﬀect is constantly present. The
upregulation of the functionally related atTOC34 (Fig. 2C) is
very indicative, since its overexpression can complement the
ppi1 phenotype [3]. The upregulation of TOC genes also results
in increased levels of atToc33, atToc75-III and atToc159 pro-
teins in the mutant, as shown by Western blot analysis
(Fig. 2D). To asses the eﬀects of the growth stage and growth
conditions on the protein level of atToc33 and atToc159, we
performed Western blot analysis of protein extracts from
5 days or 14 days old plants grown either autotrophically
(Fig. 2E) or in the presence of sucrose (Fig. 2F). In a semi-
quantitative manner, the signal intensity in the mutants can
be compared with that of a dilution series of extracts from
WT plants. The result suggests that the up-regulation of at-
Toc33 and, to a lower extent, atToc159 is more pronounced
in 14 days old plants, especially under autotrophic growth con-
Fig. 2. Upregulation of Toc components in transgenic plants. (A) RT-PCR products of atTOC33, atTOC75-III, atTOC159 and ACTIN-1 (control)
on RNA isolated from 14 days old plants grown on soil. Samples from wt (lanes 1 and 2) and S/E-2 (lanes 3 and 4) after 30 (lanes 1 and 3) or 35 (lanes
2 and 4) cycles are shown. (B) The amount of atTOC33 transcript in 14 days old S/E-2 and wt plants grown on soil was determined by quantitative
RT-PCR using ACTIN for normalization. (C) Transcriptional proﬁling in 5 days old plants grown on MS medium supplemented with sucrose was
analyzed by Aﬀymetrix as described in [6]. Only values with a detection P-value bellow 0.001 were considered. The ratio between expression signals in
mutant lines and wt for the indicated genes is shown. (D) Western blot analysis of total leaf extracts (30 lg protein per lane) from 14 days old plants
grown on soil. The S/E lines were compared with Col-0 (wt) and ppi1 complemented with wild type atTOC33 (wt*). Antisera against the Toc core
components were used for immunodecoration, as indicated. A coomassie stained gel is shown to control equal loading. Furthermore, Western blot
analysis of total leaf extracts (30 lg protein per lane) from 5 and 14 days old WT and ppi1 complementation lines grown on MS medium without
(autotrophic, E) or with sucrose (heterotrophic, F) is shown. The membranes were immunodecorated with antibodies raised against atToc33 and
atToc159. Increasing amount of Col-0 (wt) extract (lanes 1–3) was loaded for comparison with ppi1 (lane 4) and ppi1 complemented with wild type
atTOC33 (wt, lane 5) or S181 mutants (lanes 6–10). The loading was controlled by Coomassie staining of an SDS–PAGE (not shown).
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although not as strongly. The relative decrease of the diﬀerence
of atToc33 protein level in younger plants could be explained
by the developmental expression proﬁle of atTOC33, being at
the highest level during the initial ﬁve days after germination
[3]. Thus, high expression level in the WT could partly mask
the eﬀect of up-regulation. At the same time, higher expression
level of Toc components seems to be induced by autotrophic
growth conditions in order to ensure eﬃcient import of pro-
teins required for photosynthesis. The highest upregulation
was detected in older S/E-2 plants grown on soil, consistently
with the previous report [9]. Since the protein level of atToc33
is also enhanced in plants complemented with the wild type
protein (Fig. 2D, ppi1-WT), this increase is probably due to
the transgenic approach. Since all lines harbour single copy
constructs under the control of the native promoter [3,9], the
diﬀerent expression of atTOC33 can be explained by position
eﬀects. Nevertheless, the increased expression of the mutated
proteins and the functionally homologous atTOC34 as well
as atTOC75-III and atTOC159 might mask the reduced func-
tionality of the S/E protein after the 10th day [9].
3.2. Photosynthetic activity in ppi1 complementation lines
Considering the developmental expression proﬁles of at-
TOC33 [3–5] we measured photochemical parameters starting
at the cotyledon stage (Fig. 3A and B). We have chosen the
lines S/E-2 and S/E-3, which show the highest and lowest level
of atToc33 up-regulation, respectively (Fig. 2). As a non-phos-phorylatable control, the line S/A-4 was used. In heterotrophi-
cally grown 5 days old plants the eﬀective PSII quantum yield
(UII) was reduced by approximately 50% in the S/E-2 (not
shown) and S/E-3 background, being intermediate between
WT and ppi1 plants (Fig. 3A and C). To monitor the trend
of photosynthetic activity during development, we determined
UII at constant intervals (Fig. 3F). UII of both the S/E and
ppi1 genotype gradually improves to reach WT level at the
10th day under heterotrophic conditions (Fig. 3A and F). A
developmental proﬁle of UII for ppi1 was not published until
now. Interestingly, UII values were comparable between WT
and an attoc33 knock down line exhibiting a phenotype very
similar to ppi1 [17]. On the other hand, the S/A genotype
had almost the same PSII photochemical eﬃciency as WT
(Fig. 3C and F), suggesting that the WT receptor was not
phosphorylated under the conditions used. The non-photo-
chemical quenching (NPQ) combines all mechanisms that low-
er the ﬂuorescence yield (apart from photochemistry), and
these processes are essential for regulation and protection of
photosystems when light absorption exceeds the capacity for
light utilization [18]. For wild type and S/A-4 plants, NPQ rap-
idly rises to maximum, and than gradually decreases, indicat-
ing an adaptation of the photosystem to high light
conditions (Fig. 3D). For ppi1 and S/E-3 plants, NPQ in-
creases slowly, and then converges after about 200 s with wild
type values, not exhibiting the rapid adaptive behaviour as
found for WT and S/A-4 plants. This reduced adaptability of
the mutant plants to excessive light improves in the course of
Fig. 3. Photochemical eﬃciency of mutant plants. (A) The eﬀective PSII quantum yield (UII) at the 9th light pulse determined for wild type (WT),
ppi1, S/A-4 and S/E-3 grown for the indicated time on MS medium supplemented with sucrose is depicted using false colours. Colour code for UII
(bottom) and genotype assignment (right side) are given. In (B) UII is depicted like in (A) but for 5 days old plants grown on MS medium without
sucrose. (C) Time dependence of UII was determined for the lines described in (A; 5 days old). Symbols used in graphs C–F are depicted on the right.
(D) Quantum yield of regulated energy dissipation (NPQ) was determined under the same conditions as in (C). (E) NPQ values in the course of the
development at the time point with maximal regulated energy dissipation in wild type plants are compared. (F) UII values were measured after 300 s
at indicated time points, beginning at the 5th day 1 h before the start of the light period. The values are represented relative to the wild type level. The
alternation of light and dark periods is indicated at the top. (C–F) Before each measurement plants were kept in the dark for 20 min. Each point
represents the mean value and standard error for leaves of at least 5 plants.
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(Fig. 3E). Together, the photochemical parameters indicate
that the S/E exchange causes a signiﬁcant reduction of photo-
synthetic capacity in young plants. The mutants are able to re-
cover in the progress of the development, reminiscent of the
ppi1 mutant [3]. When plants were grown under autotrophic
conditions, the absolute values of UII were higher for all lines,
and the S/E lines were almost not distinguishable from the WT
at the 5th day (Fig. 3B). This result suggests that the plants are
able to adapt to the ‘‘metabolic pressure’’ in the absence of su-
crose, which is reﬂected by stronger up-regulation of Toc com-
ponents under autotrophic conditions (Fig. 2D).3.3. Chloroplast structure in mutant plants
The morphology of chloroplasts in primary leaves from
10 days old plants is indistinguishable between wild type and
ppi1-S/E (not shown; [9]). However, the chlorophyll ﬂuores-
cence data described above made a reinvestigation of the chlo-
roplast ultra-structure necessary, using 5 days old plants
grown heterotrophically. As described previously [3], the thyla-
koid system is rudimentarily developed in ppi1 chloroplasts
(Fig. 4A). Remarkably, in S/E chloroplasts the number of
grana stacks is reduced to a half of the WT value (Fig. 4A
and B). The stack number is essentially normal in S/A lines
or even increased in ppi1-WT chloroplasts (Fig. 4B). The num-
Fig. 4. Ultrastructure of chloroplasts. (A) Ultrastructure of chloro-
plasts from 5 day old WT, ppi1, ppi1-WT, S/E-3 or S/A-4 plants grown
on MS medium supplemented with sucrose was analyzed by electron
microscopy. Representative thin sections are shown. Grana stacks are
marked by a white triangle. The scale bar indicates 0.5 lm. The
number of grana stacks (B) and discs per grana stack (C) was counted
in chloroplasts from three independent plants of each indicated
genotype (at least 15 chloroplasts per genotype). (D) Mutant plants
were grown under standard conditions on MS medium supplemented
with sucrose for 9 days and subsequently incubated in dark for 48 h.
Leaf tissues of ppi1-WT or S/E lines were analyzed and representative
chloroplasts are shown. (E) Chloroplasts with diﬀerent shapes (indi-
cated on the right) were counted in diﬀerent genetic backgrounds (at
least 30 chloroplasts per genotype) and their amount is shown as
percentage of total. (F) A schematic drawing is shown to illustrate the
amount of active Toc complexes. Black dots depict active Toc
complexes and grey complexes with reduced activity.
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comparable to that in the ppi1 mutant (Fig. 4C). The S/A chlo-
roplasts contain even more grana stack discs than the WT or
ppi1 complemented with the WT protein (Fig. 4C).
To test if a phenotype can be observed in older plants we
applied diﬀerent growth conditions. For instance, we analyzed
the dark adaptation where the morphological change of chlo-
roplasts is a known phenomenon. Chloroplast swelling occurs
as an early response, which gradually vanishes by time due to
adaptation to the new situation [19,20]. When plants where
shifted to dark for 48 h after 9 days under standard conditions,
chloroplasts of wild type or S/E plants, but not of ppi1-WT
plants were swollen (Fig. 4D and E). This surprising result
could be interpreted as a consequence of a diﬀerent number
of functional Toc complexes in wild type and complemented
lines (Fig. 4F): the amount of atToc33, as well as atToc75-
III and atToc159 is increased in all complemented lines
(Fig. 2). However, the S/E mutant has a reduced functionality
(Fig. 1). Therefore, the number of functional complexes might
be increased in ppi1-WT compared to Col-0 WT or S/E-lines.
The higher potential of ppi1-WT plants to adapt to dark con-
ditions could therefore reﬂect an increased import rate, assum-
ing that protein import is limiting for dark adaptation. At this
point, we cannot exclude some secondary eﬀects caused by the
complementation strategy since only one ppi1-WT comple-
mentation line was available. Nevertheless, these ﬁndings
could point towards a critical role of protein import for dark
adaptation and stimulate further research.3.4. Analysis of thylakoid complexes in the complemented lines
To understand the eﬀects described above at the proteome
level, chloroplasts from 6 (Fig. 5A) or 10 day old plants grown
on sucrose containing medium were isolated and the thylakoid
localized complexes analyzed by 2D PAGE (Fig. 5A–C). PSII-
LHCII supercomplexes, PSII dimers, PSI, ATPase, LHCII tri-
mers and monomers could be visualized both in 6 days and
10 days old plants. In the S/E mutant, the amount of PSII-
LHCII supercomplexes is reduced in 6 days old plants
(Fig. 5A), but this diﬀerence disappears in older plants
(Fig. 5B). This is in line with the improvement of PSII quan-
tum yield between the 5th and 10th day after germination in
the S/E mutant (Fig. 3). Moreover, the decreased amount of
PSII supercomplexes is in line with the reduced number of
grana thylakoids in 5 days old S/E mutants (Fig. 4A), since
supercomplexes are found predominantly in this membrane
system, e.g. [21]. Analysis at the level of individual proteins re-
veals a signiﬁcant reduction of CP47, CP43, OEC33, D1, D2,
LHCII, Lhcb3 and CP24 proteins. This pattern is very reminis-
cent of that found in an attoc33 knock down line [17] and ppi1
[5]. Among the quoted proteins only LHCII, OEC33, Lhcb3
and CP24 are encoded in the nucleus and rely on the import
via the Toc complex. The reduced amount of plastome en-
coded subunits was interpreted as a consequence of a defect
in the assembly or stability of PSII [17]. To test this hypothesis
we performed pulse labelling experiments, allowing us to ana-
lyze import and subsequent complex assembly in a deﬁned
time frame in vivo (Fig. 5C). Indeed, a larger proportion of
PSII subunits is found as free proteins in the S/E mutants
(Fig. 5D), strongly supporting the previous hypothesis [17].
This could be a consequence of reduced import of chaperons
required for complex assembly or components, which could
Fig. 5. Thylakoid complex assembly in the mutant plants. Protein complexes in thylakoid membranes from S/E-3 or WT plants grown on MS
medium supplemented with sucrose for 6 days (A) or 10 days (B) were analyzed by BN-PAGE and subsequent SDS–PAGE. The migration of non-
complexed (black triangle) and complexed OE33 (white triangle is indicated). (For A and B; SC, supercomplexes of PSII and LHCII; A, ATPase
complex; PM, photosystem II monomer; L1/3, LHCII monomer/trimer). (C) An autoradiogram of (A) is shown. Proteins synthesized and inserted
into thylakoid membranes of S/E-3 or WT plants at day 6 were visualized by pulse chase labelling. The migration of CP47 (triangle 1), CP43 (2),
OE33 (3), D1/D2 (4), LHCII (5), Lhcb3 (6) and CP24 (7) is indicated. Black triangles mark the migration of non-complexed fractions. Molecular
weight standards are given on the left side. (1, PSII complexes, 2, monomeric PSII proteins). (D) The relative abundance of monomeric (LMW)
proteins is given as the ratio between the monomeric species and the total signal of each protein. The mean ratio (+/S.D.) between LMW fractions
in the S/E mutant and the wild type is given in the frame.
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serted proteins were analyzed.
3.5. Conclusion
We demonstrated that the functionality of the atToc33 phos-
pho-mimicry mutant is reduced but not inhibited (Fig. 1),
which might in vivo be compensated by up-regulation of at-
Toc33 and other Toc components (Fig. 2), depending on the
developmental stage and growth conditions. Despite residual
atToc33 activity, the S/E mutants show reduced photosyn-
thetic performance between the 5th and 10th day after germi-
nation under heterotrophic conditions (Fig. 3). This does not
necessarily deﬁne the time frame in which phosphorylation oc-
curs but rather reﬂects the requirement of atToc33 in very
early developmental stages [3,5], when import is limiting for
plastid biogenesis [22]. Reduced PSII activity correlates with
a defect in grana stack formation (Fig. 4) and PSII-LHC
supercomplex-assembly (Fig. 5). Taken together, our data sup-
port a regulatory role of phosphorylation in the GTPase cycle
of atToc33 not contradicting but supplementing the previous
report [9] which investigated older plants. It has to be noted
that the disruption of signalling cascades does not necessarily
cause obvious phenotypes, e.g. [23]. Deﬁning the physiological
signiﬁcance of certain pathways can therefore not be basedsimply on mutant phenotype analysis. Identiﬁcation of the cor-
responding kinase will facilitate the understanding of the phys-
iological context in which inactivation of atToc33 occurs.
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